Oncolytic viruses induce local tumor destruction and inflammation. Whether virotherapy can also overcome immunosuppression in noninfected tumor areas is under debate. To address this question, we have explored immunologic effects of oncolytic herpes simplex viruses (oHSVs) in a genetically engineered mouse model of isocitrate dehydrogenase (IDH) wildtype glioblastoma, the most common and most malignant primary brain tumor in adults. Our model recapitulates the genomics, the diffuse infiltrative growth pattern, and the extensive macrophage-dominant immunosuppression of human glioblastoma. Infection with an oHSV that was armed with a UL16-binding protein 3 (ULBP3) expression cassette inhibited distant tumor growth in the absence of viral spreading (abscopal effect) and yielded accumulation of activated macrophages and T cells. There was also abscopal synergism of oHSV ULBP3 with anti-programmed cell death 1 (anti-PD-1) against distant, uninfected tumor areas; albeit consistent with clinical trials in patients with glioblastoma, monotherapy with anti-PD-1 was ineffective in our model. Arming oHSV with ULBP3 led to upregulation of antigen processing and presentation gene sets in myeloid cells. The cognate ULBP3 receptor NKG2D, however, is not present on myeloid cells, suggesting a noncanonical mechanism of action of ULBP3. Overall, the myeloid-dominant, anti-PD-1-sensitive abscopal effect of oHSV ULBP3 warrants further investigation in patients with IDH wild-type glioblastoma.
Introduction
Glioblastoma, the most common primary malignant brain cancer in adults, is an invariably deadly disease with median overall survival in the range of 12 months (1) . The advent of immunotherapy prompted a plethora of clinical trials seeking to overcome the distinctive immunosuppression of these tumors, but phase III immunotherapy clinical trials of various strategies in patients with glioblastoma have failed to prolong survival (2) . The tumor microenvironment of glioblastoma is dominated by immunosuppressive tumor-associated microglia and macrophages (TAMs) that limit immune surveillance by lymphocytes (3) .
Preclinical exploration of microenvironment-modulating therapies requires bona fide cancer models with histologic and immunologic features that resemble their human counterparts as closely as possible. Applying a sequential bioinformatics and genetic engineering approach to identify and subsequently model relevant oncogenic events, we have previously generated mouse glioblastoma models that develop in situ from each mouse's own cells and that are histologically and molecularly highly similar to human glioblastoma (4) .
Promising response rates and translational data from early-phase biologic endpoint trials support the rationale and feasibility of virotherapy approaches to revert immunosuppression in glioblastoma (5) (6) (7) .
Oncolytic viruses induce local tumor destruction and inflammation. Whether virotherapy can also overcome immunosuppression in noninfected tumor areas is under debate. To address this question, we have explored immunologic effects of oncolytic herpes simplex viruses (oHSVs) in a genetically engineered mouse model of isocitrate dehydrogenase (IDH) wild-type glioblastoma, the most common and most malignant primary brain tumor in adults. Our model recapitulates the genomics, the diffuse infiltrative growth pattern, and the extensive macrophage-dominant immunosuppression of human glioblastoma. Infection with an oHSV that was armed with a UL16binding protein 3 (ULBP3) expression cassette inhibited distant tumor growth in the absence of viral spreading (abscopal effect) and yielded accumulation of activated macrophages and T cells. There was also abscopal synergism of oHSV ULBP3 with anti-programmed cell death 1 (anti-PD-1) against distant, uninfected tumor areas; albeit consistent with clinical trials in patients with glioblastoma, monotherapy with anti-PD-1 was ineffective in our model. Arming oHSV with ULBP3 led to upregulation of antigen processing and presentation gene sets in myeloid cells. The cognate ULBP3 receptor NKG2D, however, is not present on myeloid cells, suggesting a noncanonical mechanism of action of ULBP3. Overall, the myeloid-dominant, anti-PD-1-sensitive abscopal effect of oHSV ULBP3 warrants further investigation in patients with IDH wild-type glioblastoma.
Oncolytic viruses are usually administered locally, either directly into the tumor or into the resection cavity during surgery. To be efficacious in patients with disseminated tumors or multifocal cancer, virotherapy will, however, need to induce distant anticancer immune responses beyond local tumor cell lysis.
Here, we explored localized and distant (abscopal) immunologic effects of oncolytic virotherapy in a genetically engineered, immunologically inert model of diffusely infiltrating glioblastoma.
Results
Immunologic properties of genetically engineered isocitrate dehydrogenase wild-type glioblastoma. The vast majority of glioblastomas are classified by the lack of isocitrate dehydrogenase (IDH) mutations and harbor gain of chromosome 7, loss of heterozygosity of chromosome 10, and homozygous deletion of cyclin-dependent kinase inhibitor 2A (CDKN2A) (refs. 4, 8; Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.128217DS1). We have used the RCAS/tv-a gene transfer system in N/tv-a Cdkn2a -/-Pten fl/fl Luc LSL/LSL (XFM-Luc) mice to generate IDH wild-type glioblastomas in situ from each mouse's own cells. Nestin-positive neural stem and progenitor cells in XFM-Luc mice were infected with RCAS-PDGF to model chromosome 7 gain and with RCAS-Cre to model loss of chromosome 10 (XFM-Luc:PDGF,Cre; ref. 4 and Supplemental Figure 1B ).
Immunohistochemistry of mouse and human IDH wild-type glioblastomas suggested that key components of the immune cell compartment are similar between our genetically engineered mouse glioblastomas and their human counterparts. There was a vast abundance of ionized calcium-binding adaptor molecule 1-positive (Iba1 + ) TAMs, which accumulated in zones of pseudopalisading necrosis, whereas CD3 + tumor-infiltrating lymphocytes were hardly detected ( Figure 1A ). Flow cytometry confirmed that XFM-Luc:PDGF,Cre glioblastomas had few if any lymphocytes and that the majority of CD45 + cells were of myeloid origin, predominantly comprising bone marrow-derived macrophages (CD45 hi CD11b + Ly-6c lo Ly6g -, mean 53%, Figure 1B ). Consistent with the only completed phase III clinical trial of immune checkpoint inhibition in patients with glioblastoma (9), various immune checkpoint inhibitors had no effect on the survival of XFM-Luc glioblastoma-bearing mice ( Figure 1C ).
Our model reflects the immune phenotype of its human counterpart (3) and circumvents major limitations of commonly used syngeneic cancer models, including hypermutation, lymphocyte accumulation, and an inherent response to immune checkpoint inhibition (10, 11) .
oHSV ULBP3 leverages accumulation of activated TAMs. We have used this IDH wild-type glioblastoma model as a paradigm to develop an oncolytic herpes simplex virus (oHSV), which we optimized for the treatment of glioblastoma using a microRNA 124-based (miR-124-based) attenuation strategy (ref. 12, Supplemental Figure 2 , A-E, and Supplemental Note 1). Moreover, as a means to augment an expected virotherapy-induced immune response, we generated an oHSV, which included a payload cassette to drive the expression of human UL16-binding protein 3 (ULBP3), a class 1 major histocompatibility complex-like (MHC-like) molecule and member of the family of ligands of the killer cell lectin-like receptor subfamily K member 1 (NKG2D). NKG2D-independent, proinflammatory effects on myeloid cells have been reported for ULBP3 but not for ULBP1 or ULBP2 (13), rendering ULBP3 our prime candidate payload to revert the macrophage-dominant immunosuppression of glioblastoma.
Mice bearing XFM-Luc:PDGF,Cre glioblastomas were randomized to undergo intratumor injection of PBS, oHSV, or oHSV ULBP3 (Figure 2A ). oHSV ULBP3 prolonged median survival after treatment from 8 to 18 days (HR 0.28, P < 0.001) and inhibited tumor growth, as assessed by luminescence imaging (P = 0.013), whereas oHSV lacking the ULBP3 payload cassette did not (HR 1.02, P = 0.94; Figure 2B and Supplemental Figure 2F ). Therefore, we focused our further efforts on oHSV ULBP3 to determine its utility as an investigational drug.
Histopathologic analysis of glioblastoma-bearing mice sacrificed on day 7 after intratumor injection of oHSV ULBP3 revealed necrotic areas in zones of viral replication in 4 of 4 analyzed mice, indicating oncolysis ( Figure 2C ). Viral replication and oncolysis were generally restricted to small foci surrounding the injection site. Immunohistochemistry staining identified accumulation of Iba1 + myeloid cells in EGFP + zones of oHSV ULBP3 replication ( Figure 2D ). Computed imaging analyses of Iba1-stained tumor sections (n = 4 per group, day 7 after viral infection) revealed that upon treatment with oHSV ULBP3 the overall tumor area covered with Iba1 + cells increased by more than 2-fold compared with PBS-injected tumors (P = 0.016), but oHSV lacking the ULBP3 expression cassette did not have that effect (P = 0.66; Figure 2E ).
oHSV ULBP3 leverages accumulation of activated T cells. We considered adding ULBP3 primarily to strengthen oHSV-induced antiviral T cell responses because its cognate human receptor, NKG2D, amplifies the cyto-toxicity of activated T cells in addition to activating NK cells (14) . There was indeed an increase in CD8 + T cells in oHSV ULBP3 -treated tumors (mean CD8 + cells per high-power field [HPF] in PBS vs. oHSV ULBP3 = 2 vs. 19; n = 4 per group; P = 0.015) but not in tumors treated with an oHSV that was lacking ULBP3 (P = 0.14; Figure 2F ). The number of tumor-infiltrating FoxP3 + regulatory T cells increased from 1 to 7 per HPF upon treatment with oHSV ULBP3 (P = 0.018), but the ratio of CD8 + to FoxP3 + cells increased from 2 to 3 (P = 0.020; Supplemental Figure 2G ). oHSV ULBP3 -driven CD8 + T cell influx was further enhanced by cotreatment with anti-PD-1 (P = 0.003), but anti-PD-1 had no effect on CD8 + influx in the absence of virotherapy (P = 0.55; Supplemental Figure 2H ). There was also synergism of oHSV ULBP3 and anti-PD-1 in promoting the CD8 + CD44 -CD62Leffector T cell phenotype from 1% in PBS-treated tumors to 15% of CD8 + cells in oHSV ULBP3 plus anti-PD-1 cotreated tumors (P = 0.002). Interestingly, both treatments given as monotherapy had only minor effects on the effector T cell fraction (Supplemental Figure 2I ). In contrast, flow cytometry determined there was only a minor increase in NK cells on day 7 after treatment with oHSV ULBP3 Red bars, myeloid cell population; Mon, monocytes (CD45 hi CD11b + Ly6c hi Ly6g -); Mac, macrophages (CD45 hi CD11b;Ly6c lo Ly6g -); MG, microglia (CD45 lo CD11b + Ly6c lo Ly6g -); PMN, polymorphonuclear neutrophils (CD45 hi CD-11b + Ly6c lo Ly6g + ); CD4 + T helper cells (CD45 + CD3 + CD4 + ); CD8 + cytotoxic T cells (CD45 + CD3 + CD8 + ); NK, natural killer cells (CD45 + CD49 + ). The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the interquartile range. (C) Symptom-free survival of mice bearing XFM-Luc:PDGF,Cre glioblastomas treated with isotype control or indicated immune checkpoint inhibitory monoclonal antibodies (10 mg/kg i.v. every other day, n = 5-6 per group). Treatment began on day 14 after tumor initiation. Survival curves were compared using the log-rank test.
(P = 0.026; Supplemental Figure 2J ). This increase was accompanied by a decrease in CD69 + activated NK cells (P = 0.036; Supplemental Figure 2K ) and loss of Nkg2d + cells (percentage of Nkg2d + NK cells upon treatment with PBS vs. oHSV ULBP3 = 21 vs. 3; P < 0.001; Supplemental Figure 2L ), indicating that NK cells were likely not the driving force of the observed survival benefit. oHSV ULBP3 promotes antigen presentation and TLR signaling. To characterize the effects of oHSV ULBP3 on the tumor microenvironment in more detail, we performed nCounter gene expression analyses using 2 gene panels, myeloid innate immunity and immunology (n = 5 tumors per group and panel). Within the myeloid innate immunity gene panel (n = 732 genes), there were n = 461 genes that were more than 2-fold upregulated and n = 10 genes that were more than 2-fold downregulated in tumors injected with oHSV ULBP3 versus PBS ( Figure 2G ). Gene set enrichment analysis of genes upregulated upon oHSV ULBP3 treatment versus PBS identified the Gene Ontology (GO) terms antigen presentation (P = 0.002) and TLR signaling (P = 0.002; Figure 2H ). Both gene sets were also upregulated in tumors treated with oHSV ULBP3 versus oHSV (antigen presentation, P = 0.043; TLR signaling, P = 0.043), suggesting a ULBP3-mediated effect. Similar analyses of the immunology gene panel (n = 545 genes) in tumor-bearing mice treated with oHSV ULBP3 versus PBS identified enrichment of the Kyoto Encyclopedia of Genes and Genomes (KEGG) gene sets phagosome (P = 0.023) and confirmed enrichment of antigen processing and presentation (P = 0.004) as well as a trend for increased TLR signaling (P = 0.065) upon oHSV ULBP3 treatment (Supplemental Figure 2M) .
The dominance of a myeloid immune response was surprising in the light of putative NKG2D-mediated effects of ULBP3. Because the cognate ULBP3 receptor, Nkg2d, is not present on myeloid cells, we assume there is a noncanonical mechanism of action of ULBP3. A previous study using the EL4 and RMA mouse tumor models demonstrated that ectopic expression of human ULBP3 in murine tumor cells results in tumor rejection but failed to demonstrate binding of ULBP3 to murine Nkg2d (13) . Structure interaction modeling using the Protein Modeling Portal (15) predicted a weak, if any, physical interaction of human ULBP3 with human NKG2D and suggested that human ULBP3 did not bind to the mouse ortholog of NKG2D (Supplemental Figure 2N ). Flow cytometry of human peripheral blood mononuclear cells and murine splenocytes using Fc-tagged recombinant ULBP3 confirmed binding of ULBP3 to NKG2Dmyeloid cells; pretreatment with NKG2D-blocking antibodies did not abrogate ULBP3 binding to myeloid cells (Supplemental Figure 2O ). Collectively, these data suggest a noncanonical mechanism of action of ULBP3 that drives antigen processing and presentation through interaction with an unknown receptor on myeloid cells. This notion is supported by publically available data from mass spectrometry-based affinity capture experiments in human cell lines, which identified 19 ULBP3 binding partners (16) that are also enriched for the GO term antigen processing and presentation (Supplemental Figure 2P ). In humans, ULBP3 is in addition a cognate ligand of NKG2D, suggesting that in patients, oHSV ULBP3 may exert additional favorable immunomodulating effects through activation of NK and T cells via NKG2D.
However, although our study supports a model of pleiotropic effects of ULBP3, antitumor activity could also result from the generation of opsonizing antibodies directed against soluble Nkg2d ligands (17) . More in-depth research will be required to determine the precise mechanism by which ULBP3 activates macrophages.
Abscopal accumulation of activated T cells upon localized oHSV ULBP3 infection. We reasoned that virotherapy could be effective only against metastasizing or diffusely infiltrating cancers such as glioblastoma if an anticancer immune response were elicited not only locally but also distant from the site of tumor infection, i.e., by exerting an abscopal effect. To model oHSV-infected and uninfected tumor portions, we generated 2 spatially segregated tumors in both hemispheres of XFM-Luc mice. In this modified bilateral glioblastoma model, luciferase was activated only in the untreated tumor portion (Supplemental Figure 3A) , allowing us to monitor abscopal growth independent of local effects of virotherapy.
We then used this model to explore abscopal effects of localized oHSV ULBP3 therapy ( Figure 3A ). Unilateral treatment with oHSV ULBP3 inhibited contralateral tumor growth ( Figure 3B ) and prolonged survival (HR 0.49, P = 0.003; Figure 3C ). Of note, contralateral Luc + tumor lesions were survival limiting (ref. 4 and Supplemental Figure 3B ), indicating that the survival benefit from unilateral treatment was due to abscopal inhibition of tumor growth. The lack of any survival effect of oHSV without the ULBP3 expression cassette (Figure 2 ) and the lack of viral replication in normal brain cells (Supplemental Note 1) suggests that infection and replication of oHSV ULBP3 in the tumor was a prerequisite for inducing an abscopal effect. There was also abscopal sensitization to immune checkpoint inhibition with anti-PD-1, which translated into prolonged survival among those mice that survived for at least 7 days (HR 0.31, P = 0.014; n = 5-6 mice per treatment arm; Figure 3C and Supplemental Figure 3C ).
Flow cytometry of paired oHSV ULBP3 -treated and contralateral untreated tumor areas (XFM-Luc:PDG-F,Cre) determined a bilateral greater than 2-fold increase of the CD45 + bone marrow-derived immune cell fraction 7 days after virotherapy ( Figure 3D ). Using a customized nCounter high-sensitivity gene expression array, we detected that viral RNA was locally restricted to treated tumors (Supplemental Figure 3D ), thus precluding that viral spread caused the abscopal accumulation of CD45 + cells.
There was abscopal memory T cell formation, activation, and exhaustion. By day 3 after unilateral oHSV ULBP3 treatment, there was a bilateral induction of CD44 + CD62L + central memory T cells in both the CD4 + and CD8 + tumor-infiltrating lymphocyte fractions (Supplemental Figure 3E ), suggesting that the abscopal effect involves T cell memory. The fraction of CD8 + tumor-infiltrating lymphocytes positive for the activation markers CD69 or Nkg2d increased simultaneously in virus-treated tumors and abscopally in 5 of 5 mice (Supplemental Figure 3F) . In contrast, the CD8 + CD44 -CD62L + naive lymphocyte fraction was almost completely suppressed bilaterally (Supplemental Figure 3G ). The rationale for combining oHSV ULBP3 with anti-PD-1 was further supported by a 3-fold increase in the fraction of Pd1 + Tim3 + exhausted CD8 + T cells in oHSV ULBP3 -treated tumors (8 of 8 analyzed tumors, P < 0.001) and a greater than 1.5-fold abscopal increase (6 of 8, P = 0.022; Supplemental Figure 3H ). Immunohistochemistry of untreated contralateral tumors also revealed an abscopal increase in total infiltrating CD8 + T cells upon ipsilateral oHSV ULBP3 treatment in 2 of 4 analyzed tumors (P = 0.13), and this trend was further augmented to a mean 12-fold increase in abscopal CD8 + tumor infiltration upon cotreatment with anti-PD-1 (P = 0.003; Figure 3E ). In line with flow cytometry findings, the morphologic notion of an enlarged cytoplasm and vesicles accumulating at the cellular membrane were suggestive of an activated state of these CD8 + cells ( Figure 3F ). In summary, these data indicate that oHSV ULBP3 initiates an abscopal T cell response that can be augmented using immune checkpoint inhibition with anti-PD-1.
Abscopal TAM accumulation and activation upon localized oHSV ULBP3 infection. Because the model used here does not contain known nonsynonymous mutations, it remains elusive which (neo-)antigens could have triggered bilateral accumulation and activation of T cells upon unilateral oHSV ULBP3 treatment. Human glioblastoma likewise carries only few nonsynonymous mutations (18) , but naturally occurring T cell responses directed against tumor-associated antigens of development-associated genes have been reported (19) . Whether similar antigens elicit T cell responses in mouse glioblastomas is not known. In fact, the observed bilateral influx of activated T cells could have been an epiphenomenon of a unilateral T cell response against HSV antigens or against ULBP3, which is a foreign antigen in the mouse too, followed by surveillance of the entire brain. This possibility indicates that direct killing of tumor cells by macrophages could account for the majority of the observed antitumor effect of oHSV ULBP3 , at least in untreated tumor lesions where viral replication did not occur and where, therefore, foreign antigens were not present.
To explore this possibility, we sought to characterize the oHSV ULBP3 -driven myeloid immune cell infiltrate in more detail. We did time course analyses of tumor-infiltrating CD45 + cells by flow cytometry of oHSV ULBP3 -treated tumors and contralateral untreated tumors in the bilateral XFM-Luc:PDGF,Cre glioblastoma model. There was an early bilateral influx of monocytes (CD45 + CD11b + Ly6c + ) in 8 of 8 mice peaking at day 3 after virotherapy in both, ipsilateral treated tumors (>5-fold, P < 0.001), and abscopally (>4-fold, P < 0.001; Figure 4A ). Immunohistochemistry for Iba1 confirmed an abscopal increase of TAM (1.5-fold, P = 0.014) in 4 of 4 analyzed tumors upon unilateral oHSV ULBP3 treatment, and anti-PD-1 treatment further augmented that abscopal effect in 2 of 4 untreated tumors (P = 0.040), although we noted no effect of anti-PD-1 monotherapy on TAM accumulation (P = 0.90; Supplemental Figure 4A ). Interestingly, immunohistochemistry also revealed that ipsilateral treatment with oHSV ULBP3 yielded abscopal relative exclusion of Iba1 + TAMs from pseudopalisades and transformation toward a phenotype suggestive of phagocytosis and potentially proinflammatory activation ( Figure  4B ). In line with the notion of bilateral macrophage activation upon unilateral treatment with oHSV ULBP3 , flow cytometry determined there was a greater than 3-fold bilateral increase in cells expressing the macrophage activity marker CD44, which persisted by day 14 after unilateral oHSV ULBP3 infection (Supplemental Figure 4B ). There was also upregulation of MHC-II molecules on the cell surface of CD11c + MHC-II + cells upon oHSV UBLP3 treatment both ipsilaterally (P = 0.007) in 7 of 7 treated tumors and in 6 of 7 contralateral untreated tumors (P = 0.011; Supplemental Figure 4C ). Gene expression analyses of tumors contralateral to oHSV ULBP3 treatment were also suggestive of proinflammatory TAM repolarization, including a greater than 4-fold increase of the CD68/CD163 ratio (P = 0.005; Supplemental Figure 4D ), and upregulation of MAPK signaling (P = 0.003) and NF-κB signaling (P = 0.003; Supplemental Figure 4E ).
TAM activation yields upregulation of the immune checkpoint receptor PD-1, and activation of PD-1 by its main ligand, PD-L1, drives immunosuppressive repolarization of TAMs (20) . Flow cytometry of bilateral XFM-Luc:PDGF,Cre glioblastomas determined PD-1's presence on more than 70% of TAMs in both oHSV ULBP3 -treated tumors and abscopally, compared with approximately 20% PD-1 + TAMs in PBS-treated tumors ( Figure 4C) . As an add-on to virotherapy, anti-PD-1 treatment was also associated with enrichment of the antigen presentation gene set in both oHSV ULBP3 -treated tumor lesions (P = 0.037) and abscopally in untreated tumor areas (P = 0.017; Figure 4 , D and E).
Upon treatment with anti-PD-1 alone (10 mg/kg i.v. every other day), nCounter gene expression analysis (5 mice/group) of a myeloid innate immunity panel determined there was enrichment of GO terms associated with proinflammatory processes, including antigen presentation (P < 0.001), interferon signaling (P < 0.001), and TLR signaling (P = 0.012; Supplemental Figure 4F ). Similar enrichment patterns could be determined by KEGG gene set enrichment analysis (Supplemental Figure 4G) .
Similar analyses applying the nCounter immunology gene panel identified abscopal enrichment of the KEGG gene sets phagosome (P = 0.008) and TLR signaling (P = 0.032) when anti-PD-1 was added to oHSV ULBP3 . These data indicate that combination with anti-PD-1 augments TAM-driven local and abscopal effects of oHSV ULBP3 . 
Discussion
Oncolytic virotherapy has emerged as a viable approach to revert immunosuppression in immunologically "cold" cancers, including glioblastoma (2, (5) (6) (7) (21) (22) (23) (24) (25) (26) (27) (28) (29) . Here, we have used an miR-124-based oHSV attenuation system that circumvents interferon sensitivity conveyed by the commonly used infected cell protein 34.5 loss-of-function attenuation strategy (12) . Arming our miR-124-attenuated oHSV with ULBP3 promoted a localized and abscopal anticancer immune response that was sensitized to anti-PD-1 in a clinically relevant genetic glioblastoma model (4) .
The notion of direct tumor cell killing by activated macrophages is consistent with preclinical reports in other entities, e.g., nonhypermutated colon cancer (30) . Moreover, the proinflammatory effect of anti-PD-1 on myeloid cells in virus-injected and distant, untreated tumor areas underscores the role of PD-1 signaling as an inhibitory pathway in tumor macrophages (20) and supports combination treatments of oHSV with anti-PD-1 irrespective of tumor T cell infiltration.
Extensive TAM infiltration and activation followed by an adaptive immune response following virotherapy has been reported previously, including in syngeneic glioblastoma models (27, 31) . Beyond the necessity of macrophage repolarization for establishing an adaptive immune response, our data also support previous reports on the role of TAMs for the clearance of oHSV-infected cells (32, 33) . Similar effects of NK cells have also been reported to limit the efficacy of oHSV treatment (34) ; albeit in our model, the downregulation of activation markers and the low abundance of NK cells suggest that mainly TAMs have limited viral spreading.
A previous report on the combination treatment of an oHSV with immune checkpoint inhibition in a therapeutically challenging, immune-suppressed glioblastoma model demonstrated that TAMs and T cells are both required to exert efficacious antitumor effects (27) . The observed dominance of a myeloid immune response in our model may have several causes: (a) gene expression changes in the lymphocytic compartment were likely covered by myeloid-and tumor-associated gene expression patterns because of the relatively lower abundance of lymphocytes; (b) our genetic in situ modeling approach does not convey potentially immunogenic neoantigens, thus likely limiting the efficacy of T cell infiltration; and (c) the short survival time of our model may not suffice to fully establish an anticancer T cell response, i.e., the observed infiltration of activated T cells may be no more than the onset of such a response. Therefore, depleting macrophages (e.g., by using clodronate liposomes) will likely have a more prominent effect than depleting CD8 + T cells in our model, but the translational relevance of such findings will be limited by the above-mentioned characteristics of our model. Yet, our model also conveys major advantages over commonly used syngeneic glioblastoma models, including (a) the omission of cell culture artifacts by inducing tumors in situ from each mouse's own cells, (b) the presence of oncogenic driver events that are indeed present in human glioblastoma (versus random oncogenic transformation by chemical induction or ex vivo overexpression of oncogenes that are rare in glioblastoma, e.g., mutated RAS), and (c) a distinctive lymphocyte depletion in untreated tumors.
In summary, the data presented herein support further development of virotherapy as a means to sensitize cancers to immune checkpoint inhibition, including in diffusely infiltrating brain cancers where only a subset of cells can be infected.
Methods
Genetically engineered mouse glioblastoma model. The RCAS/tv-a model system was used to generate mouse glioblastomas (35) . N/tva Cdkn2a/b -/-Pten fl/fl LSL Luciferase mice (36) were used as genetic backgrounds for RCAS-mediated glioblastoma formation. For a bilateral tumor model, following introduction of RCAS-PDGFB with RCAS-Cre into 1 hemisphere and RCAS-PDGFB with RCAS-shPten into the contralateral hemisphere for bioluminescence, 2 genetically similar tumors are present where 1 tumor lacks luciferase expression (PDGFB/ shPten; treated glioblastoma) and another tumor has luciferase expression (PDGFB/Pten -/-Luciferase; distant glioblastoma for assessment of abscopal response). Tumors were generated in 4-to 6-week-old male and female mice injected with 2 × 10 5 DF1 cells delivered with a 30-gauge needle attached to a Hamilton syringe and stereotactic fixation device (Stoelting). Cells were injected into the frontal cortex of each hemisphere: coordinates were lateral to the bregma 3 mm at a depth of 1 mm. Treatment began 14 days after tumor formation.
The RCAS vectors used were generated as previously described (4) . Briefly, DF1 cells were purchased from ATCC and grown at 39°C. Transfections with RCAS vectors were performed using the Fugene 6 transfection kit (Roche E2691). Nestin-specific, Cre-recombinase-responsive, PDGF luciferase-expressing mouse models were monitored until they developed signs of tumor burden, including lethargy, poor grooming, weight loss, macrocephaly, seizure, and paralysis.
Virotherapy and drug treatments in vivo. Adult mice were sedated with isoflurane. The same coordinates as for tumor initiation were used for oncolytic virus treatment. Injection of 10 6 PFU of indicated oHSV strains in 1 μL PBS, or 1 μL PBS alone, took place over 2 minutes using a 30-gauge needle attached to a Hamilton syringe and stereotactic fixation device. In the double-tumor model, only 1 tumor was injected. The same stereotactic coordinates as for tumor formation were used.
Endotoxin-low (≤0.001 EU/μg; ≤1 EU/mg) anti-CTLA4, anti-PD-L1, anti-PD-1, or indicated isotype controls (10 μg/g mouse body weight, see Supplemental Table 1 ) were administered starting on the day of virotherapy and then every other day until endpoint. Bioluminescence signals were obtained for each treatment group every 2 to 3 days following treatment. Animals were sacrificed upon development of neurologic symptoms as defined by the Institutional Animal Care and Use Committee.
Bioluminescence. Bioluminescence imaging was obtained on the Xenogen IVIS 100 system. Mice with tumors expressing luciferase were anesthetized with isoflurane before retro-orbital injection with 75 mg/ kg body weight d-luciferin (Caliper Life Sciences, 119222). Promptly after injection, repeat images were acquired for 3 to 5 minutes to ensure that the plateau phase of photon emission was reached. Total flux (photon seconds -1 ) was obtained from each mouse.
Immunohistochemistry and immunofluorescence. Mouse brains were fixed in formalin and embedded in paraffin, then sectioned at 5 μm and stained by routine H&E, as well as immunohistochemistry (IHC) or immunofluorescence (IF). Automated IHC and antigen retrieval for IF were performed on the Discovery XT (Ventana Medical Systems Inc.) according the manufacturer's standard protocol. For IF, after washing with TBS, a blocking step with TBS containing 10% donkey serum of 1 hour, sections were rinsed with TBS and incubated in a mixture of indicated antibodies of each series in TBS containing 2% BSA overnight at 4°C. After washing in TBS, a cocktail of indicated secondary antibodies (Supplemental Table 1 ) was applied for 4 hours at room temperature. Sections were washed again, mounted, and coverslipped in polyvinyl alcohol with diazabicyclo-octane (DABCO) as an antifading agent. Images were acquired using a Zeiss LSM 780 NLO confocal microscope.
Gene expression analysis. Paraffin-embedded tissue sections were macrodissected, and RNA was extracted using the RNeasy FFPE kit (Qiagen, 73504). Contaminating DNA was removed with DNAse (Thermo Fisher Scientific, EN0525). We hybridized 50 ng of total RNA at 96°C overnight with the nCounter mouse immunology and myeloid innate immunity panels (NanoString; XT-CSO-MIM1-12, XT-CSO-MMII2-12). Hybridized samples were analyzed for frequency of each RNA species using the nCounter SPRINT profiler (NanoString). Raw mRNA abundance frequencies were analyzed using the nSolver analysis software 2.5 pack. Normalization factors were derived from the geometric mean of housekeeping genes, after quality control with built-in negative and positive controls.
Flow cytometry. Animals were sacrificed, and their brains were removed from skulls immediately after cardiac perfusion with 10 mL of ice-cold PBS. Mouse brains were mechanically dissociated and gently forced through a 70-μm strainer followed by rinsing with 50 mL of Hanks' balanced salt solution (HBSS) plus 10% FBS. Cells were pelleted by centrifugation (500 g for 10 min at 4°C) and suspended in red blood cell (RBC) lysis buffer (MilliporeSigma) (5 mL/brain, 1 minute on ice). RBC lysis was quenched by adding 3 volumes of HBSS plus 10% FBS, and cells were centrifuged at 500 g for 10 minutes at 4°C. To remove myelin, cells were suspended in 10 mL of 30% Percoll (GE Healthcare) and centrifuged at 700 g for 10 minutes at room temperature without break. The myelin layer at the top was removed, and the cell pellet was resuspended in HBSS plus 10% FBS, run through a 40-μm cell strainer, and centrifuged at 500 g for 10 minutes at 4°C. The cell pellet was resuspended in cold PBS plus 2% FBS to perform cell count and FACS staining. Used antibodies are listed in Supplemental Table 1 . Samples were analyzed on an LSR II flow cytometer with FACSDiva software (BD Biosciences). Compensation and analysis were performed with FlowJo software (Tree Star), and gates were defined by fluorescence minus 1 controls.
ULBP3-binding studies. Human peripheral blood mononuclear cells were isolated from whole blood via density gradient over Ficoll-Paque 1.077 (Fisher Scientific, Thermo Fisher Scientific, 45-001-751). The buffy coat layer was isolated, and cells were washed in 1× PBS twice to remove platelets (300 g). Cells were used fresh or frozen at 10 × 10 6 /mL to 20 × 10 6 /mL in freeze medium (90% FBS, 10% DMSO) for later use. Mouse spleens were harvested from naive C57BL/6 mice via mechanical dissociation and filtration over a 70-μm filter. Erythrocytes were removed using ACK lysing buffer (Fisher Scientific, Thermo Fisher Scientific, A1049201). Cells were used fresh or frozen at 10-20 × 10 6 /mL in freeze medium (90% FBS, 10% DMSO) for later use. Staining was carried out in 96-well, round-bottom plates with 1 × 10 6 cells/well. Cells
